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Abstrat
Exitation of magnons or spin-waves driven by nominally unpolarized transport urrents in point
ontats of normal and ferromagneti metals is probed by irradiating the ontats with mirowaves.
Two harateristi dynami eets are observed: a retiation of o-resonane mirowave ur-
rent by spin-wave nonlinearities in the point ontat ondutane, and a resonant stimulation of
spin-wave modes in the nano-ontat ore by the mirowave eld. These observations provide a
diret evidene that the magnetoondutane eets observed are due to GHz spin dynamis at the
ferromagneti interfae driven by the spin transfer torque eet of the transport urrent.
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The pioneering preditions of spin transfer torque (STT) eets [1,2℄ have been on-
rmed in numerous experiments on ferromagneti/nonmagneti nanostrutures. Most of
the experiments have been performed on spin-valves where the urrent, spin-polarized by a
hard ferromagneti layer of normalized magnetizationm2 =M2/Ms, produes a spin torque
on a magnetially soft layer resulting in a preession or swithing of the soft layer's magneti-
zation (m1). Due to the eet of giant magnetoresistane [3℄ these swithing and preession
are translated in to either abrupt hystereti hanges of the resistane of the tri-layer [4,5℄
or an a voltage at the frequeny of the magnetization preession [6-8℄. The osillation
frequeny is a funtion of the magnitude of the driving urrent - the eet onsidered to be
highly promising for urrent ontrolled osillators for use in miroeletronis [9℄. This spin
dynami eet is often analyzed in the marospin approximation [2,10℄ using the Landau-
Lifshitz-Gilbert-Slonzewski equation [2℄, in whih the additional torque aused by a spin
polarized urrent of magnitude I, ounterating the intrinsi damping torque, is
dm1
dt
∝ Iη(Θ)m1 × [m1 ×m2]. (1)
Here Θ = cos−1(m1 ·m2) reets the degree of the magnetization misalignment for the two
layers, and η(Θ) the eetive spin polarization in the system [10℄. Thus, the urrent, spin-
polarized by m2, produes a torque on m1, whih an ompensate the intrinsi dissipation
in m1 and lead to stationary GHz-range osillations. Depending on the magnitude of the
urrent, the assoiated STT an inrease or derease the amplitude of the osillation [6-8,10℄.
Miromagneti simulations based on the above torque mehanism, with the disretization
size of ∼ 1 nm, allow additionally to study the nonuniform dynamis of magnetization [11℄.
Suh miromagneti approah is partiularly suitable for analyzing magneti point ontats,
where both the urrent and the spin distribution an be nonuniform, with large misalignment
angles Θ within the ferromagneti volume adjaent to the ontat.
Several reent experiments observed STT eets in mehanial 10 nm range nee-
dle/surfae ontats [12℄ as well as 50 nm range lithographi ontats [5,13℄ to single ontinu-
ous ferromagneti lms. Our previous experiments on suh magneti point ontats [14℄ have
demonstrated the same stati magnetoondutane properties as those found in spin-valves,
and onrmed the mehanism of the eet originally proposed in [15℄ to be the transverse
to the eletron ow spin-transfer due to impurity sattering at the magneti interfae in the
non-ballisti regime. The spin misalignment (Θ) in this single magneti layer ase is due to
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Figure 1: Relative dierential resistane for point ontats of a Cu needle and a 100 nm thik Co
lm, R0 = 7.2 Ω, H⊥ = 4 T. The inset shows the shemati of the experiment.
spaial spin perturbations at the interfae within the ontat ore. In this paper we report
an observation of two spin-dynami eets in the ondutane of magneti point ontats,
whih diretly demonstrate the spin preessional nature of the phenomenon.
The shemati of the experiment is shown in the inset to Fig. 1. We study point ontats
formed nano-mehanially between sharpened needles of Cu or Ag and Co lms of thikness
5, 10, and 100 nm. The Co lms were deposited in ultra high vauum on oxidized Si
substrates buered with a 100 nm thik layer of Cu. A subset of the samples was apped
with a 2-3 nm thik layer of Cu or Au to prevent natural oxidation of Co. Point ontats were
formed diretly in a liquid He bath using a two-axis miropositioning mehanism allowing to
san the surfae in seleting the ontat loation and gradually vary the mehanial strain
on the needle. The ontats had a substantial strutural asymmetry - the needle on the one
side and the buer metal lm on the other. This means that the spin torques ating on
the two N1/F and F/N2 interfaes did not ounter ompensate [15℄. The resistane of the
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point ontats varied from 5 to 30 Ω, whih using the standard formula [16℄ orresponds
to a diameter range of twenty to a few nanometers. Dierential resistane dV/dI(V ) was
measured using a lok-in tehnique, with the modulating urrent amplitude of 10-50 µA
and frequeny of 443 Hz. The negative d bias polarity orresponds to the eletron urrent
owing from the needle into the lm. An external magneti eld of up to 5 T was applied
either in or perpendiular to the plane of the lms. The mirowave radiation was supplied
by diretly onneting a oaxial able to the point ontat eletrodes, and deoupling the
d and HF iruits using a bias tee (as shown in the inset to Fig. 1). We have also used
a radiating loop in the form of a short at the end of the oax, whih yielded essentially
idential results. This is to be expeted for the PCS tehnique used, where the needle (top
ontat) ats as an eient antenna at GHz frequenies, onverting mirowaves into an a
urrent and vie versa. The maximum RF power in the ontat region was estimated to be
a few tens of µW. The results we report did not depend on the material of the nonmagneti
needle. In what follows, we present the data olleted using needles of Cu.
The measured dierential resistane exhibited peaks harateristi of the STT eet in
normal/ferromagneti strutures. The peaks observed at negative bias, suh as shown in
Fig. 1, are not aused by the eet of the Oersted eld of the bias urrent, whih should
be symmetri with respet to the bias polarity. The position of the peak on the bias axis
hanged linearly in proportion to the applied eld magnitude, indiating its magneti origin
(see also [4,13,14℄). Suh a sharp inrease in the resistane is highly reproduible for a given
ontat and, in the multilayer ase, has been onlusively identied as due to a threshold-
like ativation of the magnetization preession (spin-wave) or a hange in the magnetization
preession angle (a transition into a dierent preession mode [8℄). Some ontats exhibited
a more omplex behavior with multiple magneto-ondutane maxima and sometimes even
minima, whih an be taken as evidene for multiple dynamially stable magnetization pre-
ession modes. Here we report an observation of two distint eets in the response of suh
magneto-ondutane peaks to a mirowave radiation of varying frequeny and power: a re-
tiation of o-resonane mirowaves by the magneti nonlinearities in the ondutane, and
a resonant stimulation of the peaks by the mirowave eld. These observations unambigu-
ously identify the origin of the phenomenon as a spin preession at the single ferromagneti
interfae within the point ontat ore.
Fig. 2a shows the eet of the RF power of frequeny f = Ω/2pi = 2 GHz on the
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amplitude and shape of a magneto-ondutane peak for a Cu-Co(100 nm) point ontat
measured in an in-plane magneti eld of 1.82 T. The magneti origin of this ondutane
peak is onrmed by the eld dependene of its positiion shown in the inset, quite similar
to the behavior of the STT peaks in onventional spin-valves. The initial sharp peak in
dV/dI (urve 1) is suppressed and broadened as the RF power is inreased to 24 µW. The
small peak at -7 mV was diminished in amplitude and smeared out in voltage by mirowave
irradiation, whih was similar to the behavior of the main peak. The small amplitude of
this additional peak did not allow a quantitative analysis. We therefore onentrate on the
main peak. The RF power level near the PC was estimated by measuring the transmission
oeient of the oaxial line. A further inrease in the irradiation power leads to a splitting
of the peak. We observed suh behavior versus RF power in many ontats and nd it to
be highly harateristi of the spin-wave peaks in dV/dI. To model this behavior we use
the the theory of [17℄ for RF irradiated nonmagneti point ontats, where the nonlinear
ondutane is due to eletron-phonon sattering. The results from this work are appliable
to any point ontats where the ondutane is due to one eletron proesses. In partiular, a
good agreement with the experiment has been obtained for superonduting tunnel ontats,
semiondutor/metal, superondutor/normal metal, as well as all metal point ontats
[18,19℄.
In the ase where a onstant bias V0 is superposed with a weak a signal V1 of frequeny
Ω indued in the ontat by an applied RF power, V (t) = V0 + V1 cosΩt, the time-averaged
urrent-voltage harateristis (IVC) is given by [17,18℄
I(V ) =
Ω
pi
pi/Ω∫
0
I0(V0 + V1 cosΩt)dt, (2)
where I0(V0) is the unperturbed IVC in the absene of RF. It is assumed that the frequeny
is low ompared to the inverse of the harateristi eletron relaxation time produing the
nonlinearity and that the system is not in resonane. These onditions require that the
energy of the RF photons is muh lower than the width of the nonlinearity in the IVC and
that I0(V0) is not aeted by the mirowaves diretly but only through V0 → V0 + V (t) as
given by Eq. 2. In our experiment ~Ω ∼ 10−2 meV, indeed muh smaller than the peak
half-width in Fig. 2 (∼1 meV). Eq. 2 is the well known result for a lassial detetor [18℄
desribing a retiation by an o-resonane ondutane nonlinearity. The unperturbed
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Figure 2: (a) dV/dI as a funtion of bias for a point ontat of a Cu needle and a 100 nm thik Co
lm under irradiation of frequeny 2 GHz and power P=0, 12, 24, 36, and 48 µW (urves 1, 2, 3,
4, and 5, respetively). (b) Calulated dependene aording to Eq. 2 for V1=0.5, 1, 1.5, and 2 µV
(urves 2, 3, 4, and 5, respetively). Curves 1 in (a) and (b) are idential. Inset: ritial voltage
(STT peak position) as a funtion of the external eld.
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I0(V0) is obtained by integrating the experimental dV/dI(V ) measured without irradiation
(urve 1 in Fig. 2a). Eq. 2 is then used to obtain the IVC expeted under irradiation, with
a subsequent numerial dierentiation to obtain the predited dierential resistane. Thus
alulated dV/dI for several amplitudes of the a voltage aross the ontat, V 2
1
∼ P , are
shown in Fig. 2b. Curves 1 in Fig. 2a and 2b are idential. An exellent agreement between
the measured data and the predited behavior is obtained (urves 2-5 in Figs. 2a and 2b),
whih allows us to onlude that the eet observed is a retiation of the o-resonane
mirowave urrent by the magneti nonlinearity in the ondutane of the nanoontat.
A number of ontats showed a distintly dierent behavior. A sharp peak in the dif-
ferential resistane appeared under RF irradiation in an otherwise monotonously inreasing
dependene, as illustrated in Fig. 3. This peak is analogous in shape to the one disussed
above (Figs. 1, 2) and was observed only for negative bias polarity. The eet was ompletely
reversible, with dV/dI returning to its original monotonous form after the RF irradiation
was removed. For some ontats the original dependene showed a small irregularity in the
same region of bias where later a pronouned peak would develop under irradiation (urve
1). Other ontats with RF indued peaks showed no signs of any singularity in the dier-
ential resistane in the rf-unperturbed state. The amplitude of the indued peak inreased
approximately linearly with the RF power in the low power range, then saturated at higher
power, as shown in the inset to Fig. 3. Suh behavior is expeted for a transition from a
low- to a high-angle magnetization preession with inreasing exitation power. It results
in a saturation of the eetive preession angle, analogous to the spin response in the fer-
romagneti resonane. Thus, a large angle preession of the spins loalized to the point
ontat ore at the surfae of the ferromagneti lm, with the spins outside the ore being
essentially stati, produes an additional magneti ontribution to the resistane through the
PC ore-lm domain-wall magnetoresistane. Our previous experiments show [20℄ that suh
energetially distint atomially thin surfae spin layers an form urrrent or eld driven
spin-valves within a single ferromagneti lm.
The ritial behavior of an STT-indued magneto-ondutane peak under irradiation is
shown in Fig. 4. Repeatedly sweeping the bias and measuring dV/dI for dierent radiation
frequenies revealed hanges in the position and amplitude of the spin-wave peak, while
the monotoni part of the dV/dI was unhanged. Fig. 4a shows the dependene of the
peak position on the irradiation frequeny for two values of the RF power, 4 dBm (1-
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Figure 3: Spin-wave peak in dV/dI stimulated by inreasing the power of irradiation at 2 GHz, for
RF power P=0, 2.4, and 3.6 µW (urves 1, 2, and 3, respetively). The urves are shifted vertially
by 1 Ω for larity. The ontat is Cu-Co(100 nm), R0 = 5.04 Ω, H⊥ = 2.47 T. The inset shows the
amplitude of the indued peak as a funtion of RF power.
12 GHz) and 10 dBm (7-12 GHz), measured at the output of the generator. The higher
power allowed to enhane the measured signal, whih was then linearly saled down to 4
dBm for a diret omparison. The ritial voltage inreases with inreasing the irradiation
frequeny (similar dependene was observed for the externally applied magneti eld). This
observation orrelates with the observations and analysis of the urrent driven magnetization
dynamis in spin-valve strutures, where the ritial bias parameters and the spin-torque
indued preession frequeny are know to be interdepend [7,8℄. We observe small hanges
in the ritial voltage, whih are unorrelated from sweep to sweep, and are likely aused
by small hanges in the non-uniform spin states involved by the strong spin-torques of the
transport urrent.
The resonant harater of the magneti exitations for single ferromagneti layers we
8
Figure 4: Critial voltage (a) and amplitude (b) of a spin-wave peak for a Cu-Co(10 nm) ontat
with R0 = 6.7 Ω as a funtion of the RF frequeny for Prf =4 and 10 dBm, open and solid symbols,
respetively. Cirles and squares orrespond to the positive and negative bias sweep diretion.
H‖ = 1 T. Lines are Lorenzian peaks approximating the data, with harateristi frequenies f0
and 2f0.
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observe is most learly seen in the nonmonotoni dependene of the spin-wave peak am-
plitude on the irradiation frequeny, shown in Fig. 4b. The observed maxima at 3.9 and
7.8 GHz orrespond to the rst and seond harmonis of the resonant spin exitation in
the nano-ontat ore, where the STT is maximum due to the high urrent density. These
spin exitations likely onsist of a whole spetrum of spin-wave modes sine the spin dis-
tribution in the ontat is expeted to be non-uniform, resulting in broad resonane peaks.
Our resolution is not suent for a omparison of the linewidths of the two harmonis -
the ration that an vary widely for highly non-linear systems [21℄. The observed resonane
frequenies of 1-10 GHz disussed above are too low if the resonating objet was a uniformly
magnetized lm in a eld of 1 T. However, the phenomenon studied in this work diers in a
priniple way from the uniform lm FMR, and therefore from the majority (if not all) work
on spin torques in multi-layers (see Ref. [22℄ for a reent review, inluding spin-valve type
point ontats). The spin perturbation (nano-domain, surfae layer, or a spin-vortex) at
the ore of the point ontat, responsible for the magneto-transport observed, is ∼10 nm in
diameter in our ase and is signiantly dierent in magneti properties from the bulk of the
ferromagneti lm. This dierene an be due to a number of fators, suh as potentially
high mehanial stress in the point ontat ore, appreiable magnetostrition (in Co), and
as a result potentially large magneti anisotropy whih an vary signiantly in strength
and diretion from ontat to ontat. It is therefore not surprising that the HF properties
are dierent from those of the uniform FMR of the underlying ferromagneti lm.
Thus, in addition to the o-resonane RF retiation eet, we report the rst obser-
vation of a resonant absorption of RF radiation by spin preessional modes in the presene
of spin transfer torques, for single ferromagneti interfaes. The interpretation of the eet
is as follows. When the frequeny of the RF eld f equals the frequeny of the magneti-
zation preession f0 - a funtion of the magnitude of the bias urrent through the ontat
and the applied magneti eld - a resonant inrease in the amplitude of the preession o-
urs, orresponding to a transition from predominantly stohasti osillations to a stationary
preession. Taking into aount the highly nonlinear nature of the system, the resonane
ondition is mf ≈ nf0(V0, H), where m and n are integers. The energy of the spin sub-
system in the ontat ore inreases when this resonane ondition is met, whih leads to
a new preessional state with a dierent trajetory, amplitude and axis of preession of the
spins involved. This auses a sharp hange in the domain-wall magnetoresistane of the on-
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tat seen as a peak in dV/dI at the ritial bias VC (or IC) orresponding to the resonane
ondition. Therefore, the ritial bias parameters of a magneti point ontat in resonane
with an RF eld are a funtion of the frequeny of the eld.
In this interpretation a higher externally applied magneti led would reate a higher
eetive magneti eld in the point ontat, whih would then orrespond to a higher har-
ateristi preession frequeny. Thus, magneti eld and RF frequeny should are expeted
to shift the position of resonant spin-torque peaks in a similar fashion. This is indeed ob-
served. Figs. 5a and 5b show the dierential ondutane for two resonant STT peaks
(absent without RF irradiation), where in one ase the peak is shifted to high bias by in-
reasing the RF frequeny and in the other by inreasing the external magneti eld. These
eld and frequeny transitions are fully reversible, and the peaks vanish when the RF is
swithed o.
Spin-wave exitations in point ontats to Co/Cu multilayers stimulated by 50 GHz
range mirowaves were reported in [23℄. No o-resonane a urrent retiation eets
were observed. The shape of the RF-indued features reported in [20℄ is also signiantly
dierent from the simple resonane like maxima we report. It will be informative to mention
that our tests on point ontats to multilayer lms of Co/Cu revealed essentially idential
spin torque eets to those found in single layer ontats, showing no dependene on the
thikness of the ferromagneti lms down to a few nm. This strongly suggests that the
eets under onsideration are dominated by spin-wave exitations in the nanoontat ore
in the immediate viinity of the normal/ferromagneti interfae. This is espeially true
for point ontats of high resistane, R ≫ 1 Ω, muh greater that the 'bulk' resistane of
the metalli multilayer, where the layered struture should ontribute insigniantly to the
measured total resistane. Our reent spetrosopi study of spin-torque-driven hysteresis in
point ontats to nm-thin ferromagneti lms [20℄ is an additional evidene for the interfae
rather than bulk nature of the eets disussed herein.
We would to point out that the tehnique of point ontat spetrosopy is unique as it
allows to study transport in sub-lithographi, often atomi or near-atomi strutures. How-
ever, as detailed above, the point ontats reated an vary signiantly in they properties.
In this ase it is the magneti anisotropy and the exhange eld proles that are most rele-
vant. Suh a spread in properties an be a disadvantage in terms of exat a priori ontrol
of the nano-ontat. In our ase of many dierent nano-ontats analyzed a posteriori, the
11
Figure 5: Dierential resistane versus bias voltage for point ontats with R=6.7 Ω for f =3 and
5 GHz (a) and R=18 Ω for f =2 GHz Prf = 0 and 4 dBm (b).
result is an advantage  we are able to distinguish two broad types of behavior, resonant
and non-resonant. In one ase the `spin dot' reated in the ontat ore (with its spei
loal anisotropy, exhange eld prole, external eld strength and diretion) an resonantly
absorb radiation of a spei frequeny and start a large angle preession whih results in
substantial magnetoresistane (appearane of an STT peak). In the other ase, an existing
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STT peak is suppressed in a preditable way by an o-resonant irradiation (of suient
power, non-pei in frequeny).
In onlusion, we have probed the high frequeny dynamis of the urrent indued spin
exitations in point ontats to single ferromagneti lms by irradiating the ontats with
mirowaves. The observed STT-indued spin-wave exitations are shown to be of resonant
spin preessional nature. We further show that these spin exitations retify o-resonane
RF urrent as theoretially expeted. Thus, we demonstrate that the eet under on-
sideration is the same in its spin-dynami harater as the STT driven spin dynamis in
spin-valves.
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